Abstract-The aim of the following paper was to present the geomatic process of transforming low-level aerial imagery obtained with unmanned aerial vehicles (UAV) into a digital terrain model (DTM) and implementing the model into a virtual reality system (VR). The object of the study was a natural aggretage heap of an irregular shape and denivelations up to 11 m. Based on the obtained photos, three point clouds (varying in the level of detail) were generated for the 20,000-m 2 -area. For further analyses, the researchers selected the point cloud with the best ratio of accuracy to output file size. This choice was made based on seven control points of the heap surveyed in the field and the corresponding points in the generated 3D model. The obtained several-centimetre differences between the control points in the field and the ones from the model might testify to the usefulness of the described algorithm for creating large-scale DTMs for engineering purposes. Finally, the chosen model was implemented into the VR system, which enables the most lifelike exploration of 3D terrain plasticity in real time, thanks to the first person view mode (FPV). In this mode, the user observes an object with the aid of a Head-mounted display (HMD), experiencing the geovisualisation from the inside, and virtually analysing the terrain as a direct animator of the observations.
Introduction
Land relief is a key feature determining human activities in the field of space management. Its accurate representation, analysis, and visualisation in the digital environment makes it possible to identify the factors which may influence landscape and urban planning more precisely. Hence the importance of obtaining precise DTMs, which form a fundamental data-set in many applications, especially in geographic information systems (GIS). Unfortunately, the quality of these DTMs is rarely communicated to GIS users (Wood and Fisher 1993; Kraus et al. 2006 ). This may result in inaccurate geovisualisations of the analysed area, which do not correctly reflect spatial relations. A possible solution to this problem is to create DTMs on the basis of UAV-obtained data. This type of data might serve to create a DTM with centimetre-level accuracy, which may then be implemented into geovisualisations in the virtual reality (VR) system. Unmanned aerial vehicles (UAVs) have played a significant role in the military for some time (Watts et al. 2012) . They have been used, for example, in military activities such as intelligence, environmental surveillance, sea surveillance, and mine removal activities (Eisenbeiss 2004) . It was this connection with the military sector that led to the significant development of unmanned aerial platforms and their wide use in the years 1960 -1980 (Ahmad 2011 . Nowadays, unmanned aerial vehicles are not only used for military purposes-their use in the civil sector is also expanding. In 2007, the European Commission published a report on the developing UAV technology in which the civil and commercial sectors were divided into six application segments: government; firefighting; energy; agriculture, forestry, and fisheries; Earth observation and remote sensing; communications and broadcasting (European Commission 2007) . On the basis of the report, it might be concluded that unmanned aerial vehicles are a versatile tool for obtaining data on various aspects of everyday life. As explained by Mill et al. (2011 Mill et al. ( , 2014 , UAV-obtained imagery is used, among other things, in topographic surveying, land management, organization of road infrastructure, works connected with monitoring construction processes, technical inspection of engineering infrastructure, soil mass measurements, precise agriculture, and work connected with natural disasters. A detailed description of the development of UAV technology and its possible applications was given by Colomina and Molina (2014) . In addition, Liu et al. (2014) focused on the usefulness of unmanned platforms in the field of land engineering, while Nex and Remondino (2014) , on UAV-aided 3D mapping.
The possibility of using the UAV technology to monitor open pit mines, especially with the purpose of tracking the occurring changes and making cubature calculations on the basis of the point cloud, has been described, among others, by Esposito et al. (2017) based on the example of Sa Pigada Bianda in Sardinia. Due to the technological development of the miniaturisation process and the decreasing production costs of the components used in UAV construction, the vehicles are becoming more and more popular as surveying platforms in geophysical research. Their versatile use in geophysics, geodesy, and spatial planning has been described by Lin (2008) , Remondino et al. (2012) , Siebert and Teizer (2014) , Li et al. (2016) , Kršák et al. (2016) and Torres et al. (2016) . The research material obtained with UAVs, in the form of images or point clouds (Axelsson 2000) , can provide the basis for many analyses, such as analyses of visibility.
Horbiński and Medyńska-Gulij (2017) pointed out three main ways of visualising the state of natural aggregate pits and the changes affecting them: static two-dimensional (where the product is a traditional paper map), surface three-dimensional (a surface three-dimensional model of a single open pit), and interactive-created in an Internet browser. A new medium that may aid the process of visual terrain analysis in real time without the need to perform GIS analyses is the VR system. In the proposed realityvirtuality diagram, Milgram and Kishino (1994) defined several possible states such as: the real world, augmented reality, and virtual reality. The VR system might be seen as the opposite of the real world. This is connected with the fact that VR systems combine fast computer graphics systems with head-mounted display (HMD) and interface devices that provide the effect of immersion in an interactive virtual threedimensional environment in which the objects have spatial presence (Bryson 1995) . VR systems allow real-time user feedback on landscape and urban planning. They enable users to manipulate the time dimension and discover spatial variation and patterns; they enable planners to experiment with objects irreversible in the real world; and they allow investigation of the interactions between multiple objectives (Orland et al. 2001 ). Sherman and Judkins (1992) have identified five characteristics essential to a VR system: Illustrative, Immersive, Interactive, Intensive, and Intuitive. Movement in VR in most cases is similar to movement in the real world (first-person view, FPV) and should result in a minimum of disorientation because humans on a daily basis navigate through three-dimensional space. That is why the VR system might aid the process of visual analysis, transporting the user directly into the analysed area and enabling its observation in the most natural way for a human, i.e., from the pedestrian perspective.
The main aim and contribution of the following paper was to present the geomatic process of transforming low-level aerial imagery obtained with unmanned aerial vehicles (UAV) into a digital terrain model (DTM) and implementing the model into a virtual reality system (VR). We verified the functionality of this process on the basis of one anthropogenically transformed landform (natural aggregate heap) generated from low-level aerial imagery. A subsequent aim was to verify the accuracy of the produced 3D model, i.e., to check whether the actual linear and angular dimensions between the control points were precisely represented in the 3D model. This was accomplished by comparing the coordinates of the control points in the 3D model with the results of those points' GNSS RTK measurements. The study was conducted using the geomatic method, combining a range of digital activities and calculations (carried out both in the office and in the field) which so far had been used separately in traditional geodesy, cartography, and photogrammetry.
Study Area
The study was conducted in the western part of Poland, in the Greater Poland Voivodeship: Poznań County. The selected area of study features a great number of open gravel mining pits which significantly contribute to changes in land relief. The object chosen for the study was a 6500-m 2 heap of natural aggregate, located in the natural aggregate mine ''Gołuń''. The spatial extent of the aggregate mine is shown in Fig. 1 , and the coordinates of its main border points (I, II, III, IV) are shown in Table 1 . The selected heap had an irregular shape, with numerous hollows and protuberances. The difference in elevation between the highest and the lowest point of the heap was over 11 m.
Methods and Materials

Equipment and Software
The equipment used to obtain low-level aerial imagery included a multirotor unmanned aerial platform Tarot X6, equipped with a Panasonic DMC-GH4 camera with a 16.1 Mpx matrix and a DJI Zenmuse X5 lens (Fig. 2) . The obtained images were processed using the Agisoft Lens and PhotoScan software, and the geovisualisation in the VR system was created with the aid of the Unity 3D software, which is a 3D game engine.
Research Procedure
Creating a geovisualisation in the VR system entails a sequence of activities. The complexity of the conducted study required us to devise a specially designed geomatic workflow of the research process, illustrating the various research stages (Fig. 3) . The individual components of the workflow will be described in more detail in later parts of the paper.
Planning the UAV Flight
At the office stage of planning the flight, an important role is played by cartometric map bases, which are helpful in the situational orientation of the studied area (Kędzierski et al. 2014) . Moreover, in order to define the area of the flight and the ground control station, it is a good idea to use satellite photographs of the studied area (Ostrowski and Hanus 2016) . During the office stage of flight planning, we Vol. 175, (2018) Geovisualisation of relief in a virtual reality system 3211 designed the path of the UAV flight over the studied natural aggregate pit (Fig. 4) . Based on the analysis of the area and the studied object, we decided to take oblique photographs of the pit from its every side (west, east, north, south) as well as vertical photographs from directly above it. The object was divided into five observation sides: northern, southern, eastern, western, and vertical. Eight oblique observation posts were defined for the UAV's flight around the object (two for each side) as well as two vertical observation posts. A flight conducted in such a way would yield a series of overlapping photographs of the studied object from every aspect.
In the conducted study, we used a cartometric map base as well as orthophotomaps downloaded from the national geoportal, which served to identify potential spots for establishing ground control. While planning the photogrammetric flight, it was decided that in order to obtain a model representing the relief with a sub-centimetre accuracy, photogrammetric control would be established in the area-a necessary step for conducting the georeferencing process, and eventually generating a numerical terrain model (Uysal et al. 2015) . In addition, an intermediate aim of this paper was to conduct an independent check of the situational and height accuracy of the photogrammetric model obtained in the georeference process. That was why additional check points were established in the area of the study, constituting an independent control network (Gonçalves and Henriques 2015) . It was assumed that the check of the obtained photogrammetric model would consist in comparing the coordinates of the afore-mentioned control points measured with the Global Navigation Satellite System Real Time Kinematic (GNSS RTK) technique with the coordinates of the same points obtained from the numerical terrain model.
Establishing Ground Control
During the surveying activities performed with the help of UAVs, what is important is not only the proper design of the flight itself, but also the network of points constituting ground control (Nex and Remondino 2014) . In a situation when the unmanned platform used in the flight is not equipped with an inertial measurement unit (IMU), or when the received satellite signal is interrupted, establishing ground control is a necessity, even at the office stage of planning the flight (Anai et al. 2012; Barazzetti et al. 2010; Eugster and Nebiker 2008; Wang et al. 2008 ). The process is especially necessary when the aim is to generate a cartometric terrain model. Ground control should be established using geodetic techniques such as satellite observation or tacheometry. It is believed, however, that nowadays the best and most effective measurement method is to conduct satellite observations in real time, which also contributes to reducing image distortions (de Kock and Gallacher 2016) .
In the study in hand, ground control points (GCPs) were established using the GNSS RTK Figure 3 The workflow for the geomatic process of transforming low-level aerial imagery obtained with a UAV into a DTM uploaded into the VR system 3212 Ł. Halik, M. Smaczyński Pure Appl. Geophys.
technique, with the aid of the Trimble R4 Model 3 receiver. Taking into consideration the surveying technique used and the planar coordinate system EPSG:2177 (the one applicable in Poland, used in geodetic works) (Bosy 2014) , it was decided that all the measurements made would be defined in this system for practical reasons. Due to the fact that UAV-obtained images are often oblique, it is recommended that a great number of control points be established in the surveyed area (Ruzgien_ e et al. 2015) . Taking into account the size of the studied object and the planned altitude of the flight, four targeted GCPs were established (Fig. 5 ). They were located on every side of the observed aggregate heap. The ground control points were established in the field with the use of wooden poles, additionally marked with fluorescent orange paint so they could be easily identified in the photographs (Siebert and Teizer 2014) . Additionally, in order to perform a situational and height accuracy check of the obtained photogrammetric model, seven independent check points (ICPs) were established in the studied area and labelled with numbers from 1 to 7 (Fig. 5) . The decision to establish seven independent check points (ICP) was motivated by several factors:
(a) Viewing the heap as a three-dimensional object, one might notice that (1) in terms of its vertical structure it consists of a foot and a summit. Hence, there should be points established in both those parts; (2) from the north, the object is shaded; from the south-lit by sunlight. Hence, establishing a single control point on each of those sides could be insufficient. Consequently, two points were established on each side (the shaded and the sunlit one). Two additional control points were established on the summit. . 175, (2018) Geovisualisation of relief in a virtual reality system 3213 (b) One of the objectives of the study was to check whether for the applied research methodology, increasing the distance from which the photograph was taken would affect the accuracy of the obtained 3D model. To this end, one additional point (a third one) was established on the southern side, as photographs of this side were taken from a greater distance than those of the northern side (Fig. 6 ).
ICPs were not used in the process of georeferencing the images (Toutin and Chénier 2004) .
Conducting the Flight
The platform used in the study was equipped with an inertial measurement unit (IMU) and a GPS receiver; however, the coordinates were only used to stabilize the flight in the GPS mode and on the basis of available research (Gonçalves and Henriques 2015) . It was assumed that the currently attainable accuracy levels are not sufficient for photogrammetric purposes. Hence, the flight was carried out in the manual mode, thus acquiring photographs on the basis of image obtained in real time. Taking into account the size of the studied object and the legal restrictions in Poland related to UAV flights, we decided that a sufficient elevation of the flight would be 100 m AGL (above ground level) and that the photographs for further analysis would be taken from all sides of the object. In accordance with the currently binding regulations in Poland (Regulation of the Minister of Infrastructure and Construction, Dz. U. 2016, Item 1993), carrying out UAV flights with a platform not Figure 5 The location of ground control points (red dots) and independent check points (yellow dots) in the studied area exceeding 25 kg of take-off weight is allowed up to an altitude of 100 m above ground level (AGL) and at a distance of more than 6 km away from the nearest airport.
The weather conditions during the flight were favourable: wind speed approximately 3 m/s and a clear sky. During the 30-min flight, a total of 103 images of the object were obtained. The given time of the flight included 10 min taken to prepare the platform for flight and run a checklist ensuring flight safety.
Manual Selection of the Images for Further Analysis
Before proceeding to further stages of the study, the researchers performed a manual harmonisation of the obtained set of images, reducing their number while making sure to retain the ones which presented the studied object in the best possible way. As a result of this stage, ten photographs were chosen for further analysis-two images from every direction and two vertical images presenting the natural aggregate heap (Fig. 6 ).
Georeferencing the Selected Images
The next stage consisted in georeferencing the chosen images into a metric coordinate system. The first step towards georeferencing them into a coordinate system, identical to the one in which the ground control points had been defined, was to recreate their relative internal orientation. This process was performed on the basis of the EXIF file containing metadata about the photographs which made it possible to estimate the location of the images in space. Owing to the necessity of generating a cartometric DTM, the next stage was to recreate the relative orientation of the points, but already on the basis of the established GCPs. The task was completed using Agisoft PhotoScan Professional software. This programme is especially useful for processing UAV-obtained images, as it enables its user to generate a DTM or an orthophotomap in any chosen coordinate system. It must be added, however, that before the calculation process was performed in the above mentioned software, a twin programme, Agisoft Lens, had been used to calibrate the camera used during the UAV flight. Brown's distortion model implemented in this software made it possible to determine and factor into further calculations the radial and tangential distortion of the images.
After performing the georeferencing process on the basis of the established ground control, the RMSE (root-mean-square error) was calculated-a value specifying the deviation of the original tie-up points from the corresponding points calculated on the basis of the generated model. For calculating the RMSE, the following formula was used (Smaczynski and Medynska-Gulij 2017):
where X/Y/Z i,in -the actual value of a particular coordinate, X/Y/Z i,est -the estimated value of this coordinate.
On the basis of the obtained results, it was concluded that the ground control point whose total error of georeferencing had the lowest value was point D, and the point burdened with the greatest error-point B ( Table 2 ). The further part of the study involved a check on the basis of independent check points. . 175, (2018) Geovisualisation of relief in a virtual reality system 3215
Generating Point Clouds
The next step towards the creation of the terrain model was to use the obtained images as the basis for generating a set of three-dimensional point clouds of the studied object. At this stage, three point clouds representing the landform were created, differing in their construction parameters. The first point cloud was created on the basis of photographs in their original size, i.e., 4608 9 2592 pixels (Model 1). The second cloud (Model 2) was generated after reducing the size of the images 4 times (which meant that the length of each side of the photo was reduced twice). The last, smallest point cloud (Model 3), was created from images reduced 16 times in size, i.e., 4 times on every side. Table 3 presents the characteristics of the three point clouds and the photogrammetric 3D models generated from them. As expected, the time needed to calculate Model I with the greatest precision in representing the terrain was the longest, amounting to nearly four hours. A disadvantage of this model, directly connected with the size of the created point cloud (over 23.5 mln points), was the very large size of the output file (363 MB), which could render it impossible for implementation into the VR system. Bearing in mind also the fact that Model I yielded the greatest value of the RMSE error (2.05 cm), the researchers decided to exclude it from further stages of the study. In Model II, the point cloud was much smaller (over 1.5 mln points), which reduced the file size to only 6.83 MB. The calculation time was also greatly reduced, to below 4 min, yet the model provided a very accurate representation of the terrain (RMSE 1.26 cm). Model III was constructed from the lowest number of points (approximately 0.4 mln), which, as in the previous cases, influenced file size (1.21 MB). However, it yielded worse results in terms of the RMSE error (1.58 cm). Taking into consideration the much worse parameters of Model III and the insignificant difference in the size of the output files, the model chosen by the authors as more appropriate for further geovisualisation in the VR system was Model II.
Choosing the Optimum Point Cloud and Calculating the 3D Model
Exporting the 3D Model into the Unity 3D Environment
Based on the results obtained in the previous stage, the model chosen to undergo further analyses was Model II, calculated from a cloud of 1,537,422 points (90 points/m 2 ). On the basis of the cloud, a 3D model of the studied area was generated, consisting of 50,806 vertices, translating into 101,128 triangles making up the area of the model. Next, a texture was applied to the generated model, to reflect the real appearance of the natural aggregate heap (Fig. 7) . The last step was to export the resultant model into the *.OBJ format, which enabled its subsequent implementation into Unity 3D.
Importing the Model into the VR Environment in Unity 3D
Activities at this stage were carried out in the programming environment of Unity 3D, which is an engine for the creation of computer games. The Unity project was first upgraded with the Google VR package, which boosts the functionality of the Unity Table 2 The calculated georeferencing errors of the GCPs Table 3 Parameters of the generated 3D models engine, enabling it to display content in the VR system. The Google VR package provides additional features such as: user head tracking, side-by-side stereo rendering, detection of user interaction with the system, distortion correction for a VR viewer's lenses. After the upgrade, the 3D model of the aggregate heap was imported and set to a proper scale. Because by default the model was displayed without any texture, texture was added in order to give the user an impression of greater realism while visually analysing the terrain. Finally, the virtual world was made complete by adding the sky as the background. The authors used Google Cardboard, which is the cheapest and easiest VR platform to obtain. This smartphone-based headset uses the user's smartphone as a device to display the VR content.
Implementing the Virtual Reality First-Person View Mode (VR FPV)
A key element of the geovisualisation in the VR system is the FPV mode which enables the observation of objects from the pedestrian perspective. This works by displaying on the HMD two slightly different angles of the scene for each eye, which generates an illusion of depth (Fig. 8) . This, along with other methods of simulating depth, such as parallax (objects farther from the observer seen to move more slowly) and shading, creates an almost lifelike experience. In this mode, the user becomes the main animator of the geovisualisation; all his/her movements are registered by sensors in the HMD and faithfully rendered in the geovisualisation. The VR system generates two stereoscopic images, one for each eye. This creates an impression that the user is immersed in the geovisualisation; in other words, the geovisualisation reaches its recipient directly. An additional advantage of the VR FPV mode is the possibility of adjusting the height of the observed picture to the actual height of the observer.
Results
The RMSE values obtained in the georeferencing process constitute only a mean squared error that occurred while georeferencing the photogrammetric model calculated on the basis of the adopted tie-up points (GCPs). Results obtained in a study of this kind should be treated in accordance with the basic principles of geodesy, such as the necessity of performing independent checks. This activity should be carried out on the basis of previously established and The generated terrain model with the applied texture Vol. 175, (2018) Geovisualisation of relief in a virtual reality system 3217 surveyed independent check points (ICPs) (Fig. 1 ), which were not directly used in the georeferencing process. In this study, the values that the authors treated as a reliable reference were the coordinates of check points 1-7, obtained via a GNSS RTK survey. Points from the field satellite survey were marked with the affix ''gnss''; the ones from the photogrammetric Model II-with the affix ''uav''. A correlation of both those types of coordinates resulted in obtaining the coordinate deviations DX, DY, DH, as well as the Euclidean distance DL (Table 4) . In accordance with the arrangements concerning the distribution of ICPs (Fig. 5) , two of them (points 4 and 5) were located at the shaded foot of the aggregate heap, while the three points 3, 6, and 7, were located at its sunlit foot. Comparing the obtained accuracy values DX, DY, DH, DL for the seven ICPs surveyed with a GNSS receiver and the values obtained from the 3D Model II generated from UAV images, one must conclude that in the study in hand, shading did not influence the situational coordinates (X, Y) or the Euclidean distance (L) of the analysed points. There was, however, a visible height (H) deviation in the case of point 4, which was the most shaded of all points.
What might have caused such a big deviation was the location of point 4 on the northern, shaded side of the natural aggregate heap. The pixels in its proximity were mostly of very similar colour. This might have caused image noise, resulting in incorrect results. In addition, it should be noted that despite establishing ground control on ground level, check points 1 and 2 located in two mutually independent spots at the top of the aggregate heap were afflicted with very small georeferencing errors. The second experimental aim was to analyse whether a twofold increase in the photographing distance from the studied aggregate heap would affect the obtained accuracy values DX, DY, DH, DL. After studying the results, it was found that increasing the distance had not affected the obtained accuracy of the points' location on the 3D model used to create the VR geovisualisation.
In spite of the one outlying elevation value, the results obtained in this study testify to the fact that the generated relief model has a high situational and Differences in the coordinates of the independent check pointsICPs height accuracy. Therefore, it can be used for visibility analysis in the VR system.
Discussion and Conclusions
The conducted study was inspired by the paper of Esposito et al. (2017) , who outlined the possibilities of using UAV technology for monitoring open pit mines, especially recording the changes taking place and performing cubature calculations on the basis of the point cloud. In addition, this paper aimed to further the research done by Slater et al. (2010) concerning the possibility of using VR for a more immersive exploration of 3D geovisualisation in the VR FPV mode. Authors believe that the integration of UAV-based DTMs into the VR system may be very important in anti-collision systems, in manual navigation of the UAV and in UAV simulators. The example work showing anti-collision system is the paper by Fong and Thorpe (2001) . The other application of UAV-based terrain reconstruction within the VR system are simulators. VR FPV mode interfaces can improve the operator situational awareness and provide valuable tools to help understand and analyse the vehicle surroundings and plan command sequences Nguyen et al. (2000) , Postal et al. (2016) and Smolyanskiy and Gonzalez-Franco (2017) .
The obtained deviations in the location of check points surveyed with GNSS RTK and the same points calculated on the basis of UAV-obtained images enable the following conclusions to be drawn: (1) selecting two overlapping UAV images for each of the observed sides of the object (west, east, north, south, top) is sufficient to create a highly accurate 3D model; (2) using UAV technology is much more effective, both in terms of accuracy and the time required to carry out the measurements, than the use of traditional geodetic techniques: tacheometry, levelling, GNSS. Besides, the use of UAV for data acquisition does not cause any disturbance to the unstable material structures such as aggregate heaps or dunes, and so it is a very good option for studying such objects; (3) with the help of the workflow proposed in the paper, it is possible to generate a relief model with a centimetre-level accuracy. Such a 3D model might be used in precise, large-scale engineering projects. Thanks to such accurate models, it is possible to create an interactive geovisualisation in the VR system, in the FPV mode, which lets the user move around in the digital 3D environment and analyse the visibility in real time. An advantage of using the VR system for geovisualisation purposes is the possibility of analysing terrain changes in time, in a way most closely resembling natural time, without the need to be physically present in the studied area.
Low-level aerial imagery obtained by monitoring open pit mining areas at specified time intervals might become the basis for designing an animated visualisation presenting changes affecting those areas with the use of visual variables (Halik and Medyńska-Gulij 2017; Medyńska-Gulij and Cybulski 2016) . The workflow for geomatic data transformation and geovisualisation as proposed in the paper might have a wide application in many areas of life, raising the level of spatial awareness and serving to clarify spatial relations between the geospheres. Nevertheless, we are mindful of the fact that in the future, with the increasing accuracy of IMU and the more widespread use of RTK GPS in UAV platforms, it will be possible to modify the proposed geomatic process of transforming low-level aerial imagery in such a way as to render the establishment of GCPs in the field unnecessary. Such a solution would enable georeferencing without the need to design, establish, and survey a ground control network, thus accelerating the process of creating the geovisualisation.
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